One of the characteristic features of anaplastic lymphoma kinase (ALK) þ , anaplastic large cell lymphoma (ALK þ ALCL) is the constitutive activation of signal transducers and activators of transcription-3 (STAT3), a defect believed to be important for the pathogenesis of these tumors. In this report, we describe the existence of an autocrine stimulatory loop involving interleukin-22 ( 
Introduction

Anaplastic lymphoma kinase (ALK)
þ anaplastic large cell lymphoma (ALK þ ALCL) is defined as a subtype of T/null-cell non-Hodgkin's lymphoma characterized by the consistent expression of CD30. The aberrant expression of ALK in approximately 80% of ALK þ ALCL tumors is a result of the reciprocal chromosomal translocation that leads to the fusion of the nucleophosmin (NPM) gene at 5q35 with the ALK gene at 2p23.
1-3 NPM-ALK has been shown to be oncogenic, and it is believed that it contributes to tumorigenesis by exerting its constitutively active tyrosine kinase embedded in the ALK portion of the fusion gene protein. 4 Previous studies have demonstrated that NPM-ALK induces dysregulation of multiple signaling pathways, 4 including that of the signal transducers and activators of transcription-3 (STAT3). 5, 6 STAT3 is oncogenic, and constitutive activation of STAT3 has been demonstrated in a variety of human cancers. [7] [8] [9] [10] In ALK þ ALCL, evidence suggest that the tumorigenic effect of NPM-ALK requires STAT3 activation. 11 Although there is little doubt that NPM-ALK directly contributes to STAT3 activation in ALK þ ALCL, other mechanisms appear to be involved. [12] [13] [14] Interleukin-22 (IL-22) was recently discovered as an IL-9-inducible, T-cell-derived cytokine that belongs to the IL-10 gene family. 15 It is known to exert its function by binding to its heterodimeric receptor complex composed of IL-22R1 and IL-10R2. IL-10R2 is ubiquitously expressed, whereas IL-22R1 expression is restricted and not detectable in normal immune cells including B and T cells. [16] [17] [18] IL-22 stimulation is known to be negatively regulated by the IL-22-binding protein (IL-22BP), a naturally occurring decoy that can antagonize IL-22 binding to its receptor. [19] [20] [21] Once bound to its receptor, IL-22 is known to activate a number of signaling pathways including that of STAT3 and mitogen-activated protein kinase (MAPK). 22 On the basis of current understanding of the biology of IL-22, it is believed that IL-22 produced by T cells homing to the mucosal surfaces is important in enhancing innate immunity. 23 In our initial study analyzing the pattern of cytokine expression in ALK þ ALCL cell lines using oligonucleotide microarrays, we identified the expression of IL-22R1 and also IL-22. A recent published study using large-scale microarray gene expression profiling also described the expression of IL-22 among ALK À and ALK þ ALCL tumors and cell lines. 24 Although the expression of IL-22 is not unexpected for ALK þ ALCL, a tumor derived from mature T cells, IL-22R1 expression in ALK þ ALCL cells represents an aberrant event, as this receptor is not detectable in benign lymphoid cells. In light of these findings, we hypothesized that the aberrant expression of IL-22R1 creates an abnormal IL-22 autocrine stimulatory pathway that contributes to STAT3 activation and the tumorigenicity in ALK þ ALCL. In this study, we first established that the expression pattern of IL-22, IL-22R1, IL-10R2 and IL-22BP in ALK þ ALCL, and examined the biological significance of IL-22 stimulation in ALK þ ALCL cell lines. Furthermore, we examined the possibility that NPM-ALK is directly linked to the aberrant expression of IL-22R1.
Materials and methods
Cells and IL-22 signaling
Three ALK þ ALCL cell lines, SU-DHL-1, Karpas 299 and SUP-M2, were included in this study. HepG2 (a hepatocellular carcinoma cell line) and Jurkat (a T-cell lymphoblastic lymphoma cell line), both of which were obtained from the American Type Culture Collection (Manassas, VA, USA), were used for controls. ALK þ ALCL and Jurkat cells were maintained in RPMI-1640
(Sigma-Aldrich, St Louis, MO, USA). HepG2 was maintained in Dulbecco's modified Eagle's medium (Sigma-Aldrich). Both types of culture media were enriched with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and supplemented with antibiotics (10 000 U/ml penicillin G, 10 000 mg/ml streptomycin, Gibco). All cells were grown at 37 1C in 5% CO 2 . To isolate peripheral blood T and B lymphocytes, mononuclear cells harvested from the peripheral blood of healthy donors were isolated using Ficoll-Paque Plus according to the manufacturer's protocol (GE Healthcare Biosciences, Uppsala, Sweden). CD3 þ T cells and CD19 þ B cells were then isolated using the Epics Altra Hypersort system (Beckman Coulter, Mississauga, Ontario, Canada). To assess IL-22 signaling, cells (1 Â 10 6 cells per ml) were initially serum-starved for 16 h. Subsequently, cells were treated with 5 mg/ml of IL-22BP recombinant protein (R&D Systems, Minneapolis, MN, USA), 10 mg/ml of IL-22-neutralizing antibody or 10 ng/ml of IL-22 recombinant protein for 0 and 30 min, and harvested for western blot analysis.
Western blot analysis and antibodies
Western blot analysis was performed using standard techniques described in details previously. 25 Anti-STAT3 and pSTAT3 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), Anti-IL-22R1 and anti-b-actin was purchased from SigmaAldrich. Anti-pERK1/2, anti-ERK1/2, anti-pJNK/SAPK, anti-JNK/ SAPK, anti-phospho-p38 and anti-p38 were all purchased from Cell Signaling Technology (Danvers, MA, USA).
Immunofluorescence staining and confocal microscopy
Cells were grown on the coverslips in six-well plates. After being fixed with 4% paraformaldehyde in PBS, cells were washed three times with PBS and incubated with 30 ml of anti-IL-22R1 (1:50) overnight. After washings with PBS, cells were incubated with Alexa 488 goat anti-rabbit secondary antibody (1:250) for 1 h. After washings with PBS, mounting media (Sigma-Aldrich) was added to the slides, and cells were visualized with a Zeiss LSM 510 confocal microscope (Oberkochen, Germany). For the double staining experiments, frozen sections from five cases of ALK þ ALCL were fixed in acetone and washed with PBS. Slides were incubated simultaneously with anti-IL-22R1 (Capralogic, 1:200, anti-goat) and anti-IL-22 (Capralogic, 1:200, anti-rabbit) for 1 h. After washings with PBS, slides were incubated simultaneously with Alexa 488 goat anti-rabbit and Alexa 555 donkey anti-goat secondary antibodies (1:300) for 30 min at room temperature.
Reverse transcriptase-PCR
Using TRIzol extraction method (Gibco), we extracted total cellular RNA from SU-DHL-1, Karpas 299, SUP-M2, Jurkat, HepG2 and also a randomly chosen, frozen primary breast tumor. Reverse transcription (RT) was performed using 500 ng of total RNA and superscript reverse transcriptase (Invitrogen Life Technologies, Carlsbad, CA, USA). The PCR was performed for 35 cycles, with each consisting of denaturation (94 1C for 1 min), primer annealing (60 1C for 1 min) and DNA extension (72 1C for 1 min for 35 cycles). Amplified products were electrophoresed in 1% agarose and visualized using Alpha Imager 3400 (Alpha Innotech, San Leandro, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and b-globin were used as internal controls. 
Gene transfection of NPM-ALK
The original NPM-ALK plasmid was kindly provided by Dr S Morris (St Jude' Children Research hospital, Memphis, TN, USA) and the NPM-ALK fusion gene was inserted in a pCDNA vector. 26 Transfection was carried out using the Nucleofector Kit (Amaxa, Cologne, Germany) according to the manufacturer's protocol for Jurkat cells.
ELISA assay for IL-22
Aliquots of culture medium from three ALK þ ALCL cell lines were spun at 15 000 g, and the supernatant was subjected to enzyme-linked immunosorbent assay (ELISA), as per manufacturer's protocol (R&D systems). On the basis of manufacturer's manual, the specificity of kit has been extensively tested. Results are obtained using a colorimetric plate reader (Bio-Rad Life Science Research Group, Hercules, CA, USA) at an absorbance of 450/570 nm.
Cell growth assays
To determine changes in cell growth induced by IL-22, IL-22BP and IL-22-neutralizing antibody, 25 000 cells per ml in culture medium were treated with one of these three reagents added daily to the cell culture. The number of viable cells was assessed daily with Trypan blue exclusion test (Gibco). In addition, at the end of the third day of the experiments, we also performed MTS assay (Promega, Madison, WI, USA) to assess the number of viable cells using a microplate reader (Bio-Rad) at 450 nm.
Colony formation in soft agar
The soft agar consisted of two layers, both of which were prepared from a stock 1.2%. Bacto agar (Difco, Detroit, MI, USA) that was dissolved in distilled water and autoclaved. For the bottom layer, RPMI 1640 supplemented with 10% FBS was added to the stock agar to achieve a 0.6% agar concentration. For the top layer, cell suspension (20 000 cells in 2 ml of RPMI 1640 supplemented with 10% FBS) was mixed with the stock agar to achieve a final agar concentration of 0.3%. Cells in the agar were fed with 500 ml of RPMI 1640/10% FBS every 4 days. Colonies were stained and visualized with 0.05% crystal violet after 2 weeks of culture. þ ALCL cell lines. HepG2 was included as a negative control. GAPDH and b-globin were included as internal controls. Enzyme-linked immunosorbent assay (ELISA) performed revealed autocrine expression of IL-22 in ALK þ ALCL cells. HepG2 was included as a negative control. (e) Immunohistochemical staining using a case of ALK þ ALCL tumor confirmed the expression of IL-22 and IL-22R1 in ALK þ ALCL cells. In picture I, the white arrow highlights the sinusoid infiltrated by IL-22-expressing ALK þ ALCL lymphoma cells, whereas the black dotted arrow highlights a residual B-cell follicle, which was IL-22 negative. On high magnification (II), IL-22 staining was cytoplasmic. In picture III, the infiltrating lymphoma cells were positive for IL-22R1 whereas a residual B-cell follicle (dotted black arrow) was negative. Picture IV shows a high magnification view of the lymphoma cells expressing IL-22R1. (f) Double immunofluorescence staining was performed using frozen sections of an ALK þ ALCL tumor. Coexpression of IL-22R1 (red signals) and IL-22 (green signals) were found in the same cell population located in the same area of the tissue section. Staining with omission of the primary antibody served as the negative control.
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ALK þ ALCL tumors and immunohistochemistry
Paraffin-embedded ALK þ ALCL tumors were retrieved from the Department of Laboratory Medicine and Pathology, Cross Cancer Institute, and the use of these tissues have been approved by the institutional ethics committee. The diagnosis of ALK þ ALCL was based on the criteria established by the World Health Organization Classification scheme, and all cases were ALK þ by immunohistochemistry. Immunohistochemical staining was performed using standard techniques previously described. 25 Anti-IL-22R1 and -IL-22 were purchased from Capralogics (Hardwick, MA, USA). Competition experiment was performed to further assess the specificity of anti-IL-22 used for immunohistochemistry. Briefly, we preincubated the antibody with different concentrations of recombinant IL-22, and we found that this treatment abrogated the IL-22 immunostaining. The specificity of the anti-IL-22R1 used in this study was confirmed by western blots and has been previously tested by the manufacturer (www.capralogic.com).
Statistical analysis
The association between IL-22 and cell growth was evaluated using Student's t-test. A P-value of o0.05 is considered to be statistically significant.
Results
Expression of IL-22R1, IL10R2 and IL-22 in ALK þ ALCL cell lines and tumors
The expression of IL-22R1 and IL-10R2 in three ALK þ ALCL cell lines was assessed. As shown in Figure 1a , RT-PCR was performed and amplifiable products for IL-22R1 and IL-10R2 were detectable in all three ALK þ ALCL cell lines (lanes a-c) . Although the IL-10R2 bands were of relatively even intensity among these three cell lines, SUP-M2 showed the strongest intensity for IL-22R1. HepG2 and a case of breast cancer served as the positive controls for IL-22R1 (lanes d and e). IL-22BP was not detected in any of the ALK þ ALCL cell lines, but expressed in a case of breast cancer (lane e).
We then assessed the protein expression of IL-22R1 in ALK þ ALCL cell lines using western blots. As shown in Figure 1b 
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We next sought to determine whether ALK þ ALCL cells secrete IL-22. As shown in Figure 1d , RT-PCR revealed that IL-22 mRNA was expressed in all three ALK þ ALCL cell lines examined. The amplifiable PCR products were sequenced which were confirmed to be IL-22. In addition, ELISA assay to quantify secreted IL-22 in the supernatant was performed using these three cell lines; soluble IL-22 was detectable in all three ALK þ ALCL cell lines with the highest level found in Karpas 299. HepG2 was included as a negative control.
To evaluate the expression of IL-22R1 and IL-22 in ALK þ ALCL tumors, we employed 10 paraffin-embedded tumors and immunohistochemistry. IL-22 was expressed in all tumors examined, as illustrated in Figure 1e (upper panel). Of note, a residual benign B-cell follicle included was not reactive with the anti-IL-22 (I), in keeping with the concept that IL-22 is a T-cellderived cytokine. As illustrated in III and IV, scattered ALK þ ALCL cells were reactive with anti-IL-22R1. IL-22R1 had a membranous and cytoplasmic staining pattern. To further support that IL-22R1 and IL-22 were expressed in the same cell population, we employed double immunofluorescence staining and confocal microscopy using five cases of ALK þ ALCL; results are illustrated in Figure 1f .
IL-22 modulated cell growth in ALK þ ALCL
To assess the biological effects of IL-22 stimulation, all three ALK þ ALCL cell lines were subjected to daily treatment with 10 ng/ml of recombinant IL-22 protein. Daily manual counts of viable cells were performed using Trypan blue exclusion. Jurkat cells, a T-lymphoblast cell line that lacks IL-22R1 expression (data not shown), and normal peripheral blood lymphocytes were included as negative controls. A significant increase in the viable cell numbers was observed in all three cell lines on day 3, and the results from SU-DHL-1 is illustrated in Figure 2 . In contrast, no significant change was observed in Jurkat cells and benign lymphocytes. To support our manual cell count data, we performed MTS assay 3 days after adding recombinant IL-22 to the cell culture. Similar results were obtained: the cell count was significantly higher with IL-22 treatment in both SU-DHL-1 and Karpas 299 (P-values, 0.0001, 0.028, respectively; Student's t-test); no significant change was seen for Jurkat cells and benign lymphocytes.
To explore the effects on cell growth after IL-22 blockade, the same cell lines were subjected to daily treatment with 5 mg/ml of IL-22BP protein or 10 mg/ml of IL-22-neutralizing antibody. As shown in Figure 2 (middle and lower panels), all ALK þ ALCL cell 
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þ anaplastic large cell lymphoma J Dien Bard et al lines showed a significantly lower viable cell number on day 4, whereas no significant differences were detected between the treated and untreated cells in Jurkat and benign lymphocytes. MTS assay performed on day 3 again showed consistent results with the use of IL-22BP (P-values, 0.02 for both SU-DHL-1 and Karpas 299) or IL-22-neutralizing antibody (P-values, 0.03 and 0.007 for SU-DHL-1 and Karpas 299, respectively); no significant differences were detected for Jurkat cells and benign lymphocytes.
IL-22 modulated tumorigenicity assessed by soft agar colony formation
To determine the biological effects and significance of IL-22 autocrine stimulation, we employed soft agar colony formation assay. The results are summarized in Figure 3 . When IL-22 was blocked using 5 mg/ml of IL-22BP recombinant protein or 10 mg/ ml of IL-22-neutralizing antibody, there was a significant decrease in the number of colonies in all three ALK þ ALCL cell lines on day 14 (P-values ¼ 0.0001 for all three cell lines; Figure 3 ), with the greatest difference seen in Karpas 299. In contrast, treatment of these cells with recombinant IL-22 (10 ng/ml) led to a significant increase in the number of colonies in SUP-M2 (P-value ¼ 0.0001), SU-DHL-1 (P-value ¼ 0.0001), but not Karpas 299 (P-value ¼ 0.339). The lack of significant effect in Karpas 299 is likely related to the fact that these cells produce the highest level of endogenous IL-22 among the three ALK þ ALCL cell lines, as described above.
IL-22 modulated STAT3 and MAPK signaling
Because IL-22 have been reported to activate STAT3 in a number of nonhematologic cell lines, 15,21,22,27 we sought to determine if IL-22 also contribute to STAT3 activation, a mechanism known to contribute to tumorigenesis in ALK þ ALCL. As illustrated in Figure 4a , IL-22 blockade using IL-22BP or an IL-22-neutralizing antibody led to a timedependent decrease in pSTAT3 in all ALK þ ALCL cell lines. In contrast, using western blots, we detected a substantial increase in the pSTAT3 levels with the addition of IL-22 for 30 min to the cell culture (Figure 4b ). Jurkat cells and benign lymphocytes were included as negative controls; no pSTAT3 was detectable in these cell types with or without IL-22 (data not shown). In the same experiment, we also demonstrated an increase in the phosphorylated forms of ERK1/2, JNK/SAPK and p38 kinase after 30 min exposure to recombinant IL-22 protein (illustrated in Figure 4b ).
To further evaluate the importance of IL-22R1 in ALK þ ALCL, we downregulated IL-22R1 expression using siRNA. At 24 h after siRNA transfection, there was a substantial decrease in IL-22R1 cells transfected with IL-22R1 siRNA but not scrambled siRNA (Figure 4c ). Correlating with this change, pSTAT3 was decreased in cells treated with IL-22R1 siRNA. 
NPM-ALK-induced IL-22R1 expression
Discussion
IL-22, a recently discovered cytokine, is a member of the IL-10 family proteins largely expressed by activated T and NK cells. 28, 29 IL-22R1 is characteristically absent in benign immune cells including lymphocytes [16] [17] [18] in various epithelial cell lines, IL-22 has been shown to promote cell proliferation and activate a number of signaling pathways including those of STAT3, MAPK and AKT. 22, 30 It is currently believed that the physiological function of IL-22 is related to the maintenance of innate immunity. 23 One of the significant findings of this study is that of aberrant expression of IL-22R1 in ALK þ ALCL, a type of mature T-cell neoplasm. The expression of IL-22R1 in ALK þ ALCL, initially identified in our oligonucleotide array studies using ALK þ ALCL cell lines, was confirmed by several different methods such as RT-PCR, western blots, confocal microscopy and immunohistochemistry. We also identified consistent expression of IL-22 by these tumors, a finding that is not too surprising considering that ALK þ ALCL is a T-cell neoplasm. A recently published study also reported the presence of IL-22 in ALK þ ALCL. 24 Finally, our results indicate that IL-22BP, the IL-22 decoy receptor, is absent in all three ALK þ ALCL-cell line examined. Taken together, our findings provide evidence to support the existence of the IL-22 autocrine stimulatory pathway that is functional and 'unchecked' in ALK þ ALCL. Our functional assays including the soft agar colony formation assay support the concept that this pathway indeed contributes to its tumorigenicity in ALK þ ALCL. In keeping with the previous findings of IL-22-mediated activation of STAT3 in a number of epithelial cell types, 22, 30, 31 we found that STAT3 activation can be enhanced by IL-22 in ALK þ ALCL cells. The importance of IL-22 in contributing to STAT3 activation in these cells is further supported by our findings that blockade of IL-22 signaling using siRNA, IL-22BP or an IL-22-neutralizing antibody substantially decreased STAT3 activation. STAT3 activation in ALK þ ALCL is multifactorial; in addition to NPM-ALK, JAK3 and loss of SHP1 contributes to deregulate this signaling pathway, [32] [33] [34] it is not too surprising that the addition or blockade of IL-22 can only partially change the pSTAT3 levels in these cells. Although constitutive activation of STAT3 is crucial to the pathogenesis of ALK þ ALCL and NPM-ALK-mediated lymphomagenesis, 5,11 enhancement of STAT3 activation in these cells correlates well with the observed increased tumorigenicity induced by IL-22. Of note, other than STAT3, IL-22 is also known to activate other signaling pathways such as the three major MAPK pathways, ERK1/2, JNK and p38 kinase pathways. 22, 35, 36 These pathways, which have been implicated in transformation and tumor progression in many human cancers, 37, 39 were confirmed to be activated by IL-22 in ALK þ ALCL cell lines. NPM-ALK is also a known activator of the ERK1/2 signaling pathway and has been shown to enhance cell proliferation and survival. 40 Stimulation of these pathways likely further promotes the tumorigenic effects of IL-22.
Although NPM-ALK is important in the pathogenesis of ALK þ ALCL, we investigated if NPM-ALK is directly responsible for the aberrant expression of IL-22R1 expression. Our transfection experiments using Jurkat cells strongly support that NPM-ALK expression can induce IL-22R1 expression, which in turn can activate STAT3 (Figure 5b) . Thus, our results have clearly shown that NPM-ALK can convert an 'IL-22 unresponsive phenotype' into an 'IL-22 responsive phenotype'. The mechanism by which NPM-ALK mediates this effect is unclear, but it is likely that specific signaling pathways may be implicated. This area is currently under investigation in our laboratory. Nevertheless, our results illustrate a novel pathway by which NPM-ALK promotes tumorigenesis.
Finally, more recent studies in our laboratory have shown that the aberrant expression of IL-22R1 is not restricted to ALK þ ALCL. In fact, one of the ALK À ALCL cell lines, MAC-2A, showed IL-22R1 expression (data not shown). Thus, mechanisms other than NPM-ALK likely induce aberrant IL-22R1 expression in lymphoma cells. Of note, a recent paper using cDNA microarray has demonstrated that ALK À ALCL produces IL-22.
24
It is highly likely that the IL-22 autocrine stimulatory pathway also carries important biological significance in the lymphomagenesis of ALK À ALCL, and this area warrants further studies.
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